Transposable elements (TEs), the movement of which can damage the genome, are 11 epigenetically silenced in eukaryotes. Intriguingly, TEs are activated in the sperm companion 12 cell -vegetative cell (VC) -of the flowering plant Arabidopsis thaliana. However, the extent 13 and mechanism of this activation are unknown. Here we show that about 100 heterochromatic 14 TEs are activated in VCs, mostly by DEMETER-catalyzed DNA demethylation. We further 15 demonstrate that DEMETER access to some of these TEs is permitted by the natural depletion 16 of linker histone H1 in VCs. Ectopically expressed H1 suppresses TEs in VCs by reducing 17 DNA demethylation and via a methylation-independent mechanism. We demonstrate that H1 18 is required for heterochromatin condensation in plant cells and show that H1 overexpression 19 creates heterochromatic foci in the VC progenitor cell. Taken together, our results demonstrate 20 that the natural depletion of H1 during male gametogenesis facilitates DEMETER-directed 21 DNA demethylation, heterochromatin relaxation, and TE activation.
Introduction 24
Large proportions of most eukaryotic genomes are comprised of transposable elements (TEs), 25 mobile genetic fragments that can jump from one location to another. For example, TEs 26 comprise approximately 50% of the human genome (Lander et al., 2001; Venter et al., 2001) , 27 and more than 85% of the genomes in crops such as wheat and maize (Schnable et al., 2009; 28 activated TEs are significantly enriched in dimethylation of histone H3 on lysine 9 (H3K9me2) 143 in somatic tissues, and are significantly depleted of euchromatin-associated modifications 144 ( Figure 1B, Figure 1-figure supplement 1B) . VC-activated TEs encompass diverse TE 145 families, among which MuDR DNA transposons and Gypsy LTR-retrotransposons are 146 significantly overrepresented (p<10 -9 and 0.01, respectively, Fisher's exact test; Figure 1C ). 147 Transposon derepression in the VC is caused by DME-directed DNA demethylation 148 To assess whether TE activation in the VC is caused by DME-mediated DNA demethylation, 149 we examined DNA methylation in VC and sperm at the 114 activated TEs. We found that these 150 TEs have substantially lower CG methylation in the VC than in sperm at and near the TSS 151 ( Figure 1D,E, Figure 1-figure supplement 1D) , indicative of DME activity. Because TEs tend 152 to be flanked by repeats (Joly-Lopez & Bureau, 2018) , the transcriptional termination site (TTS) 153 regions of activated TEs also tend to be hypomethylated in the VC (Figure 1D,E (Figure 1D,E) . CHG and CHH methylation is also substantially increased at the 158 TSS (and TTS) of VC-activated TEs in dme/+ VC (Figure 1-figure supplement 1C) , 159 consistent with the knowledge that DME demethylates all sequence contexts (Gehring et al., 160 2006; Ibarra et al., 2012) . 161 Consistent with the above results, 71 of the 114 (62%) VC-activated TEs overlap VC DME 162 targets at their TSSs ( Figure 1F, Figure 1 -source data 1 &2). 96 out of the 114 TEs (84%) 163 have VC DME targets within 500 bp of the TSS (Figure 1F, Figure 1 -source data 1). As 164 DNA methylation at/near the TSS has been well-demonstrated to suppress the transcription of 165 genes and TEs in plants and animals (Barau et al., 2016; Eichten et al., 2012; Hollister & Gaut, 166 2009; Manakov et al., 2015; Meng et al., 2016) , our results indicate that DME-directed 167 demethylation is a major mechanism of TE activation in the VC.
168
Vegetative-cell-expressed H1 impedes DME from accessing heterochromatic transposons 169 We next tested our hypothesis that the lack of histone H1 in the VC (Hsieh et al., 2016) allows 170 heterochromatin to be accessible by DME. We first examined the developmental timing of H1 171 depletion during microspore and pollen development using GFP translational fusion lines 172 (Hsieh et al., 2016; She et al., 2013) . There are three H1 homologs in Arabidopsis, with H1.1 173 and H1.2 encoding the canonical H1 proteins, and H1.3 expressed at a much lower level and 174 induced by stress (Rutowicz et al., 2015) . H1.1-and H1.2-GFP reporters exhibit the same 175 expression pattern: present in early microspore nucleus but absent in the late microspore stage, 176 and remaining absent in the VC nucleus while present in the generative cell and subsequent 177 sperm nuclei (Figure 2A) . H1.3 is not detectable in either microspore or pollen (Figure 2A) . 178 These results are consistent with our previous observations, confirming that H1 is absent in the 179 VC (Hsieh et al., 2016) , and demonstrating that H1 depletion begins at the late microspore 180 stage.
181
To understand how H1 affects DME activity, we ectopically expressed H1 in the VC. To ensure 182 H1 incorporation into VC chromatin, we used the pLAT52 promoter, which is expressed from 183 the late microspore stage immediately prior to Pollen Mitosis 1, and is progressively 184 upregulated in VC during later stages of pollen development (Eady, Lindsey, & Twell, 1994; 185 Grant-Downton et al., 2013) . Using pLAT52 to drive the expression of H1.1 tagged with mRFP 186 (simplified as pVC::H1), we observed continuous H1-mRFP signal in the VC at the bicellular 187 and tricellular pollen stages, while the signal was undetectable in the generative cell and sperm 188 ( Figure 2B ). H1-mRFP signal was also undetectable in late microspores ( Figure 2B ), probably 189 due to the low activity of pLAT52 at this stage (Eady et al., 1994) . Notably, we found H1 193 To evaluate the effect of VC-expressed H1 on DNA methylation, we obtained genome-wide 194 methylation profiles for VC nuclei from a strong pVC::H1 line (#2; Figure 2B ) and WT via 
198
Consistently, the frequency distribution of CG methylation differences between VCs of 199 pVC::H1 and WT at loci that are not DME targets peaks near zero, showing almost no global 200 difference ( Figure 2D ). However, a substantial proportion of loci that are targeted by DME 201 show hypermethylation in pVC::H1 VC ( Figure 2D ). DME targets also show preferential 202 hypermethylation in CHG and CHH contexts in the VC of pVC::H1 (Figure 2-figure   203 supplement 2B-C). These results indicate that H1 expression in the VC specifically impedes 204 DME activity.
205
Across the genome, we found 2964 differentially methylated regions (DMRs) that are 206 significantly CG hypermethylated in the VC of pVC::H1 plants (referred to as H1 hyperDMRs 207 hereafter; ranging from 101 to 2155 nt in length, 280 nt on average; Figure 2 -source data 1).
208
Most of the H1 hyperDMRs (1618, 55%) overlap DME targets in the VC (Figure 2 -source 209 data 1), and H1 hyperDMRs exhibit strong hypomethylation in WT VCs, with 81.4% (2412 210 sites) having significantly more CG methylation in sperm than VC (p<0.001, Fisher's exact 211 test), indicating that most H1 hyperDMRs are DME targets (Figure 2E-H) . 212 Our results demonstrate that H1 hyperDMRs are primarily caused by the inhibition of DME.
213
However, only 3066 out of 11896 (26%) VC DME targets have significantly more CG 214 methylation in the VC of pVC::H1 than WT (p<0.001, Fisher's exact test; Figure 1 -source 215 data 2), indicating that VC-expressed H1 impedes DME at a minority of its genomic targets.
216
These H1-impeded DME targets are heterochromatic, significantly enriched in H3K9me2 217 compared with H1-independent DME targets ( Figure 2I) . To further examine the link with 218 heterochromatin, we aligned all VC DME target loci at the most hypomethylated cytosine, and 219 separated them into five groups by H3K9me2 levels ( Figure 2J ). pVC::H1-induced 220 hypermethylation peaks where DME-mediated hypomethylation peaks, but is apparent only in 221 the most heterochromatic group (highest H3K9me2) of DME target loci ( Figure 2J ). Taken 222 together, our results demonstrate that developmental removal of H1 from the VC allows DME 223 to access heterochromatin.
224

H1 represses transposons via methylation-dependent and independent mechanisms 225
Given the importance of H1 removal for DME-directed DNA demethylation, we investigated 226 the contribution of H1 to TE activation in the VC. RNA-seq was performed using pollen from 227 the pVC::H1 line (#2), which showed strong H1 expression in VC ( Figures 2B and 3A) . 47 out 228 of 114 (41%) VC-activated TEs show significant differential expression (fold change > 2; 229 p<0.05, likelihood ratio test) due to H1 expression in VC ( Figure 3B ). Among these 230 differentially expressed TEs, the overwhelming majority (46; 98%) are repressed ( Figure 3B ,C, 231 Figure 1 -source data 1). In contrast to the effect of H1 on TE transcription, a much smaller 232 fraction of genes (3%; 89 out of 2845 pollen-expressed genes) is differentially expressed (fold 233 change > 2; p<0.05, likelihood ratio test) between pVC::H1 and WT ( Figure 3D) . These data 234 indicate that ectopic expression of H1 in the VC preferentially represses TEs.
235
Quantitative RT-PCR validated our RNA-seq results and confirmed the strong suppression of 236 TEs in pVC::H1 ( Figure 3E) . Taking advantage of a pVC::H1 line #7 with weaker H1 237 expression in pollen ( Figure 3A) , we found H1 represses TE expression in a dosage-dependent 238 manner; as TEs are suppressed to a lesser extent in line #7 compared to the strong line #2 239 ( Figure 3E ). H1-repressed TEs in the VC are predominantly localized to pericentromeric 240 regions and are overrepresented for LTR retrotransposons, including Gypsy and Copia 241 elements ( Figure 3F-H) . Compared to other VC-activated TEs, the H1-repressed TEs are 242 significantly longer and enriched for H3K9me2 and H1 in somatic tissues ( Figure 3G) , 243 consistent with the observation that H1 precludes DME access to heterochromatin.
244
In support of the hypothesis that H1 represses VC TE expression by blocking DME, 18 of 46 245 H1-repressed TEs show significant increase of DNA methylation in at least one sequence 246 context within 300 bp of the TSS in pVC::H1 (p<0.001, Fisher's exact test; Figure 4A ,B). Six 247 more TEs overlap a DME target, which is hypermethylated in pVC::H1, within 1 kb of the TSS, 248 and hence may also be suppressed by DME inhibition. However, 22 TEs do not overlap any 249 H1 hyperDMRs within 1 kb of the TSS (Figure 4A , marked by asterisks in the lower panel), 250 indicating that their suppression by H1 is not mediated by DNA methylation. Of these, 16 TEs 251 overlap DME targets within 1 kb of TSS. DME maintains access to these TEs in the presence 252 of H1, suggesting their VC demethylation does not rely on the depletion of H1 and their 253 repression in pVC::H1 is DME-independent; exemplified by AT3TE60310 ( Figure 4C ). Our , 2011; Ingouff et al., 2010; Schoft et al., 2009 ). We therefore 259 tested whether H1 contributes to heterochromatin condensation in plant cells. Immunostaining 260 of leaf nuclei showed that H1 co-localizes with H3K9me2 in highly-compacted 261 heterochromatic foci, known as chromocenters ( Figure 5A ). Furthermore, we found that 262 chromocenters become dispersed in the nuclei of h1 mutant rosette leaves ( Figure 5B) . These 263 observations demonstrate that H1 is required for heterochromatin condensation in plants. 264 We then examined whether ectopic H1 expression can condense the heterochromatin in VC 265 nuclei. Consistent with previous observations (Baroux et al., 2011; Ingouff et al., 2010; Schoft 266 et al., 2009) , no condensed chromocenters were detected in WT VC ( Figure 5C ). pVC::H1 VC 267 also showed no obvious chromocenters ( Figure 2B ). This suggests either that H1 expression is 268 not strong enough in pVC::H1, or other factors are involved in heterochromatin decondensation 269 in the VC.
270
Heterochromatin decondensation during male gametogenesis seems to be gradual:
271
chromocenters are observed at early microspore stage, but become dispersed in late microspore 272 stage, when H1 is depleted (Figures 2A and 5C ). We observed strong and weak chromocenters 273 in 27% and 59%, respectively, of late microspore nuclei, whereas no chromocenters were 274 observed in the VC at either bicellular or tricellular pollen stage ( Figure 5C,D) . The further 275 decondensation of VC heterochromatin after H1 depletion during the late microspore stage 276 suggests the involvement of other factors in the VC. To test whether H1 is sufficient to induce 277 chromatin condensation in microspores, we used the late-microspore-specific MSP1 promoter 278 (Honys et al., 2006) to drive H1 expression (pMSP1::H1.1-mRFP, short as pMSP1::H1). In 279 pMSP1::H1, we observed strong chromocenters in the majority (68%) of late microspores 280 ( Figure 5D ). H1 expression in pMSP1::H1 is specific to late microspores, and co-localizes 281 with induced chromocenters ( Figure 5E ). These results show that H1 is sufficient to promote 282 heterochromatic foci in late microspores, thus demonstrating the causal relationship between 283 H1 depletion and the decondensation of heterochromatin. heterochromatic, and mostly subject to DME-directed demethylation at their TSS ( Figure 1F) . 290 Given the well-demonstrated role of DNA methylation at the TSS for transcriptional 298 DME demethylates about ten thousand loci in the VC and central cell, respectively, however, 299 only half of these loci overlap (Ibarra et al., 2012) . It was unclear why DME targets differ in 300 these cell types, but differences in chromatin configuration have been postulated to contribute 301 (Feng et al., 2013) . Our finding that the access of DME to heterochromatic TEs in the VC is 302 permitted by the lack of H1 supports this idea. H1 is presumably present in the central cell 
322
Our data also indicate that the regulatory functions of H1 extend beyond DNA methylation in 323 plants. Activated TEs in the VC can be categorized into four groups, based on the mechanism 324 of their activation ( Figure 6 ). TEs in Group I are the least heterochromatic and their activation 325 is dependent on DME but not H1 (Figures 3D and 6) . Group II comprises TEs in which H1 326 absence is required for DME demethylation and activation ( Figure 6) . For TEs in Group III, 327 H1 depletion and DME demethylation are both required for activation, but DME activity is not 328 affected by H1 ( Figure 6) . Group IV TEs are activated by H1 depletion and are not targeted by 329 DME (Figure 6) . Groups III and IV demonstrate that H1 can silence TEs independently of 330 DNA methylation. Group III also demonstrates that DNA methylation and H1 cooperate to 
333
During the ongoing arms race between TEs and their hosts, it may be difficult to determine 334 whether TE expression represents temporary TE triumphs or is domesticated by the host to 335 serve a function. TE activation in the VC -a cell that engulfs the male plant gametes -has 336 been proposed as a defense strategy, which generates small RNAs that enhance TE silencing 337 in sperm (Calarco et al., 2012; Ibarra et al., 2012; Martinez et al., 2016; Slotkin et al., 2009 ).
338
However, TEs can also use companion cells as staging grounds for invasion of the gametes 339 (Wang, Dou, Moon, Tan, & Zhang, 2018) . Our demonstration that programmed DME 340 demethylation, which is facilitated by developmental heterochromatin decondensation, is the 341 predominant cause of VC TE activation is consistent with a defensive, host-beneficial model.
342
Nonetheless, the alternative TE-driven model is also plausible. DME demethylation regulates 343 genes and is important for pollen fertility (Choi et al., 2002; Ibarra et al., 2012; Schoft et al., 344 2011) . Our data show that developmental H1 depletion is also important for pollen fertility.
345
Therefore, at least some TEs may be hijacking an essential epigenetic reprogramming process. 1 for the list of VC-activated TEs). A total of 2845 genes were found to be expressed in pollen 391 with TPM (transcripts per million) more than 5 in the Kallisto output (data used in Figure 3D ). 392 To identify TEs and genes that are suppressed by H1 in the VC, we analyzed RNA-seq data 393 from WT and pLAT52::H1.1-mRFP line #2 (short as pVC::H1 unless specified otherwise) 394 pollen using Kallisto and Sleuth as described above. Significant differential expression was 395 defined with a fold change at least 2 and a p-value less than 0.05. H1-repressed TEs were listed 396 in Figure 1 -source data 1.
397
Whole-genome bisulfite sequencing and analysis 398
Vegetative and sperm nuclei were isolated via FACS as described previously (Ibarra et al., 399 2012). Bisulfite-sequencing libraries were prepared as previously described (Walker et al., 400 mapped to the TAIR10 reference genome, and cytosine methylation analysis was performed as 405 previously described (Ibarra et al., 2012) .
406
Identification of DME targets and H1 hyperDMRs in the VC
407
As all CG hypomethylation in the VC in comparison to sperm is caused by DME (Ibarra et al., Figure 1-figure supplement 1B) or VC DME targets ( Figure 2I) as described in All DNA methylation kernel density plots compare fractional methylation within 50-bp 428 windows. We used windows with at least 20 informative sequenced cytosines and fractional 429 methylation of at least 0.5 (Figure 2D, Figure 2-figure supplement 2) or 0.7 (Figure 2E) for 430 CG context, and 0.4 and 0.1 for CHG and CHH context, respectively, in at least one of the 431 samples being compared.
432
Meta analysis (ends analysis)
433 Ends analysis for TEs and genes was performed as described previously (Ibarra et al., 2012) .
434
Similarly, ends analysis of TE transcripts was performed using the annotation of VC-activated 435 TEs described above (Figure 1-source data 1) . DNA methylation data from (Ibarra et al., 436 2012) was used.
437
In Figure 2J , DME sites were aligned at the most demethylated cytosine, and average CG 438 methylation levels for each 10-bp interval at both sides were plotted. To identify individual 439 hypomethylation sites created by DME, we first obtained the 50-bp windows with a CG 440 methylation difference larger than 0.5 between sperm and VC (sperm -VC > 0.5 and Fisher's 441 exact test p < 0.001). Windows were then merged if they occurred within 200 bp. Merged 442 windows were retained for further analysis if the fractional CG methylation across the whole 443 site was 0.2 greater in sperm than VC (sperm -VC > 0.2 and Fisher's exact test p < 0.0001).
444
This resulted in 13610 DME sites, which were separated into five groups according to 445 H3K9me2 level (Stroud et al., 2014): < 2.5, 2.5-4.3, 4.3-6.5, 6.5-10.5, and > 10.5 (Figure 2J) . 446 The most demethylated cytosine within each site was identified if it had the greatest differential 447 methylation in sperm than VC among cytosines in the CG context (sperm -VC > 0.2, and 448
Fisher's exact test p < 0.001) and was sequenced at least 10 times.
449
DNA methylation analysis of H1-repressed TEs
450
Differential methylation at a 600-bp region centered upon the TSS of H1-repressed TEs was 451 calculated between VCs of pVC::H1 and WT ( Figure 4A ). TEs whose differential methylation 452 is significant (Fisher's exact test p < 0.001) and larger than 0.2 (in CG context), 0.1 (in CHG 453 context), or 0.05 (in CHH context) are illustrated in the upper panel in Figure 4A . Merai, Z., Chumak, N., Garcia-Aguilar, M., Hsieh, T. F., Nishimura, T., Schoft, V. K., . . . between VCs from pVC::H1 and WT (D), and between WT sperm (Spm) and VC (E). (F) 792
Snapshots showing CG methylation difference between the indicated cell types. Arrows point to 793 DME targets that are hypermethylated by pVC::H1. (G) Snapshots demonstrating CG methylation 794 in sperm and VCs at single-nucleotide resolution, with the cytosine most hypomethylated by DME 795 marked in red. VC DME targets are underlined in black. (H) Scatter plot illustrating CG 796 methylation differences between the indicated cell types at H1 hyperDMRs. 82.25% of H1 797 hyperDMRs show significant increase in sperm in comparison to VCs. (I) Box plot illustrating 798
H3K9me2 level at VC DME targets that are significantly hypermethylated in pVC::H1 (H1-799 inhibited) or not (H1-independent), respectively. Difference between the two groups is significant 800
(Kolmogorov-Smirnov test p < 0.001). (J) VC DME targets were grouped according to H3K9me2 801 levels, aligned at the most demethylated cytosine (dashed lines), and plotted for average CG 802 methylation difference as indicated in each 10-bp interval (left). Similarly, CG methylation in 803 pVC::H1 and WT VCs was plotted for the group with the lowest and highest H3K9me2, 804
respectively. Spm, sperm. 805
The following figure source data and supplements are available for Figure 2 : 806 of TEs in each group is shown on the top. Significantly less heterochromatic than TEs in other 872 groups ( Figure 3G) , Group I TEs are activated by DME-directed DNA demethylation. Group II 873
TEs rely on H1 depletion to allow DME demethylation and activation. Group III TEs are 874 demethylated by DME but require H1 depletion to allow transcription (ie. pVC::H1 represses these 875
TEs without affecting DME). Group IV TEs are not demethylated by DME; their activation is 876 solely dependent on the depletion of H1. TEs belong to each group are listed in Figure 1- 
